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POD=postoperative day 

MVC=maximal voluntary contraction 
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KEIS=knee extensor isometric strength 

IL-6= interleukin-6 

  



Abstract 

Objective: To explore the efficacy of postoperative neuromuscular electrical 

stimulation (NMES) on muscle protein degradation and muscle weakness in 

patients after cardiovascular surgery. 

Methods: Sixty-one patients underwent NMES daily from postoperative days 

(PODs) 1 to 5 in addition to postoperative mobilization program (NMES 

group), and 41 patients underwent postoperative mobilization program only 

(non-NMES group). The primary outcome was the concentration of 

3-methylhistidine (3-MH) in 24-h urine corrected for urinary creatinine 

content (3-MH/Cre) from PODs 1 to 5. The secondary outcomes were knee 

extensor isometric strength (KEIS) and handgrip strength at POD 7. 

Results: Baseline characteristics such as age, sex, preoperative body mass 

index, hemoglobin, handgrip strength, KEIS, surgery type, cardiopulmonary 

bypass time, and immediate post-operative interleukin-6 were not different 

between the groups. Urinary 3-MH/Cre was significantly increased in both 

groups. However, urinary 3-MH/Cre in the NMES group peaked earlier 

compared with that in the non-NMES group. KEIS at POD 7 was 

significantly higher in the NMES group (median [interquartile range], 0.40 



kg/weight [0.33–0.45] in the NMES group vs 0.23 kg/weight [0.15–0.36] in 

the non-NMES group; p < 0.01). Handgrip strength at POD 7 was also 

significantly higher in the NMES group (median [inter-quartile range], 32 kg 

[24.5–35.3] in the NMES group vs 24 kg [16.0–30.0] in the non-NMES group; 

p < 0.01). 

Conclusions: This study demonstrated that NMES might attenuate skeletal 

muscle protein degradation and muscle weakness after cardiovascular 

surgery. A cause–effect relationship between NMES and functional 

preservation would be a future challenging issue. 

 

Central message 

Neuromuscular electrical stimulation reduced muscle proteolysis and 

preserved muscle strength in patients after cardiovascular surgery. 

 

Perspective Statement 

Muscle protein catabolism after cardiovascular surgery induces 

postoperative muscle weakness and functional decline, for which no 

preventive tool has been established. Our study demonstrated the possibility 

of NMES to attenuate muscle protein degradation and muscle weakness in 



patients after cardiovascular surgery. These data provides a rationale for 

application of NMES in postoperative rehabilitation.
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INTRODUCTION 1 

Surgical operation stress induces loss of muscle mass due to dysregulation 2 

in protein metabolism1,2. Under this condition, protein degradation is 3 

accelerated while synthesis is suppressed, leading to a net loss of muscle 4 

protein. The concurrent reduction in muscle strength causes long-term 5 

impairments such as persistent muscle weakness3,4. Currently, Iida et al. 6 

reported that the cumulative urinary excretion of 3-methylhistidine (3-MH) 7 

in patients within 5 days after cardiac surgery was associated with 8 

immediate postoperative interleukin-6 (IL-6) level and postoperative 9 

muscle weakness5. 3-MH is a product of the methylation of peptide-bound 10 

histidine in actin and myosin and is released to the free amino acid body 11 

pool upon muscle protein breakdown6. Because 3-MH is not reused for 12 

muscle protein synthesis or oxidized for energy7, the urinary 3-MH has been 13 

recognized as an index of muscle proteolysis rate6,8. In addition, IL-6 is 14 

traditionally considered as a marker for surgical stress9,10. Therefore, the 15 

prevention of muscle proteolysis induced by surgical stress at the early 16 

postoperative phase may be a potential intervention for preservation of 17 

skeletal muscle strength after cardiovascular surgery. 18 
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 Because immobilization, even of short duration, is an important 19 

stimulus of muscle protein degradation11, promoting muscle activity is 20 

widely recognized as a countermeasure against muscle protein degradation. 21 

In the early postoperative phase after cardiovascular surgery, however, 22 

patients often have difficulties to produce sufficient muscle contractions due 23 

to their hemodynamic instabilities. Instead, neuromuscular electrical 24 

stimulation (NMES) can safely induce sufficient muscle activity without 25 

patient’s volitional efforts even immediately after cardiovascular surgery12. 26 

However, data regarding the effect of postoperative NMES on skeletal 27 

muscle degradation (or weakness) in patients undergoing cardiovascular 28 

surgery have been scarce. 29 

 This study, therefore, aimed to explore the efficacy of postoperative 30 

NMES on muscle protein degradation and muscle weakness in patients 31 

after cardiovascular surgery. 32 

 33 

 34 

MATERIALS AND METHODS 35 

Participants and data collection 36 
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Adult patients who were scheduled for elective major cardiovascular 37 

surgery (coronary artery bypass, valvular, thoracic aorta, or combined 38 

surgery) in Nagoya University Hospital and Kainan Hospital were 39 

consecutively included. Exclusion criteria were chronic renal failure 40 

(estimated glomerular filtration rate, eGFR < 30 ml/min/1.73 m2), 41 

peripheral arterial disease (Fontaine classification ≥ III), psychiatric 42 

disease, neuromuscular disease, dementia (Mini-Mental State Examination 43 

< 18 points), intubation more than 24 h after surgery, and reoperation. 44 

Chronic renal failure of eGFR < 30 ml/min/1.73 m2 was excluded because of 45 

uncertainty of measured urinary 3-methylhistidine (3-MH), a marker of 46 

myofibrillar protein degradation13,14. Patients who withdrew from the 47 

postoperative rehabilitation program and/or NMES were also excluded. 48 

Informed consent was obtained from each patient as approved by the Ethics 49 

Review Committee of the Nagoya University Graduate School of Medicine 50 

(approval number: 1272). This study was registered in the University 51 

Hospital Medical Information Network Center (registration number: 52 

UMIN000020221). 53 

 The following preoperative clinical data were collected from the 54 
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patient’s clinical record: age, sex, body mass index (BMI), and serum 55 

hemoglobin level. The intraoperative variables recorded included the type of 56 

surgical procedure (coronary bypass, valvular, thoracic aorta, or combined 57 

surgery), cardiopulmonary bypass (CPB) time, and cross clamp time. Serum 58 

IL-6 immediately after surgery was assessed in both groups. We obtained 59 

patients’ blood samples from a peripheral artery 4 h after surgery to 60 

measure IL-6. Each sample was centrifuged at 2000 ×g for 10 min, and the 61 

serum was collected in to small SRL vials (SRL, Inc. Tokyo, Japan) and 62 

frozen to −80°C for later analysis. The IL-6 level was measured using an 63 

automated chemiluminescent enzyme immunoassay system (SRL, Inc. 64 

Tokyo, Japan). Data for IL-6 were log-converted (natural logarithm) because 65 

of the skewed distribution. 66 

 67 

Study design 68 

This study was conducted as a prospective, observational study. The 69 

patients from Nagoya University Hospital underwent a postsurgical 70 

rehabilitation program with NMES intervention from postoperative days 71 

(PODs) 1 to 5, and the patients from Kainan Hospital underwent 72 
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postsurgical rehabilitation program only. 73 

 74 

Intervention 75 

The patients from Nagoya University Hospital underwent NMES on the 76 

bilateral quadriceps femoris and triceps surae daily from PODs 1 to 5 (5 77 

sessions). During stimulation, the self-adhering surface electrodes (62 × 62 78 

mm) were bilaterally positioned on the vastus lateralis, vastus medialis, 79 

and triceps surae after cleaning the skin12. The waveform of NMES was a 80 

symmetric, biphasic square wave. The stimulator was configured to deliver 81 

a direct electrical current for 0.4 s followed by a pause that lasted 0.6 82 

seconds. Pulse groups consisting of 10 impulse trains were delivered for 83 

each muscle at 30-s intervals during the session. Duration of the session 84 

was 30 to 60 min. The intensities of NMES were set to induce 10% and 20% 85 

of maximal voluntary contraction (MVC), and the repetitions of 86 

10%−10%−20% MVC were set throughout the session. A video of the NMES 87 

was shown in Appendix 1. Daily NMES intervention started from POD 1. 88 

The safety of this NMES protocol in patients immediately after 89 

cardiovascular surgery has been reported elsewhere12. 90 
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 Patients in both groups underwent the postoperative mobilization 91 

program based on the guidelines of the Japanese Circulation Society under 92 

the supervision of a physical therapist (see Appendix 2). 93 

  94 

Outcomes 95 

The primary outcome in this study was time trend of the 3-MH 96 

concentration in 24-h urine corrected for urinary creatinine (Cre) content 97 

(3-MH/Cre) after surgery. The ratio of 3-MH to urinary creatinine was used 98 

for normalizing the data for lean body mass differences among patients. 99 

Collection of 24-h urine samples started at operative time and continued 100 

until POD 5. Urine was collected during 24 h and stored into bottles 101 

containing hydrochloric acid to avoid bacterial hydrolysis of urea. At the end 102 

of the daily urine collection, we gathered a urine sample from the pooled 103 

urine after immixture of the collected urine and stored at −80°C until 104 

processing. The 3-MH concentration was determined by high performance 105 

liquid chromatography15 (SRL, Inc. Tokyo, Japan). The value of 3-MH and 106 

Cre in urine samples was multiplied by the 24-h urine volume to produce a 107 

value for daily 3-MH/Cre excretion. 108 
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 The secondary outcomes were knee extensor isometric strength 109 

(KEIS) and handgrip strength. Both muscle strengths were measured the 110 

day before surgery (baseline) and POD 7. KEIS was measured by using an 111 

isometric dynamometer (µTas F-1; ANIMA Corp. Tokyo, Japan)., Patients 112 

sat in a chair with their hips and knee at 90° to measure KEIS. Their shin 113 

was strapped into a cuff, and they performed three maximal isometric 114 

contractions against a fixed resistance for each leg with a 3-min interval. 115 

During measurement, identical verbal encouragement was given, and force 116 

generated was measured in kilogram force. The highest value among three 117 

measurements was selected for analysis16,17. Handgrip strength was 118 

measured by using a JAMAR dynamometer (Sammons Preston, Rolyon, 119 

Bolingbrook, IL) set at the second grip position18. Measurements were made 120 

thrice on the non-dominant hand, and the highest value (in kg) was selected 121 

for analysis16. An image of the measurement of both muscle strengths is 122 

shown in Appendix 3. Both muscle strengths were measured by well-trained 123 

physical therapists who showed good test−retest reliability (intra-class 124 

correlation coefficients of >0.85). 125 

 126 
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Statistical analysis 127 

We used the Wilk−Shapiro test to assess the normality of distribution of the 128 

data. Continuous variables were presented as mean±SD or median 129 

(inter-quartile range) in cases of non-normal distribution. Categorical data 130 

were reported as percentages. Group baseline characteristics were 131 

compared using t-test (or Mann−Whitney U test) for continuous variables 132 

and chi-square test for categorical variables. To assess the effect of NMES 133 

on urine 3-MH/Cre level from PODs 1 to 5, we used linear mixed models for 134 

repeated measurement. Fixed effects of interest were group (NMES/non 135 

NMES), time (postoperative days), and interaction between group and time. 136 

In addition, since the urine 3-MH/Cre level on POD1 varied between the 137 

groups, we used the value on POD1 as a covariate. Between-group and 138 

within-group comparisons for muscle strength parameters were performed 139 

using Mann−Whitney U test and Wilcoxon test, respectively. A p value 140 

<0.05 was considered statistically significant. All analyses were calculated 141 

using SPSS ver 16.0 (SPSS Inc., Chicago, Ill., USA). 142 

 143 

 144 
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RESULTS 145 

Study participants 146 

This study included 68 and 41 patients from Nagoya University Hospital 147 

and Kainan Hospital, respectively (Figure 1). No differences were found in 148 

the baseline characteristics between the groups, except for the cross clamp 149 

time (Table 1). In addition, although immobilization after surgery is an 150 

important stimulus for muscle proteolysis11, days from surgery to initial 151 

mobilization were not significantly different between the groups. 152 

  153 

3-MH/Cre 154 

Time course of urinary 3-MH/Cre from PODs 1 to 5 is shown in Figure 2. 155 

Urinary 3-MH/Cre level peaked on POD 3 in the NMES group, whereas the 156 

level showed a sustained increase until POD 4 in the non-NMES group. 157 

Significant main effect for time (F = 173.7, p < 0.01) and group × time 158 

interaction (F = 12.1, p < 0.01) were found by using linear mixed models for 159 

repeated measurement. In contrast, the main effect for group was not 160 

significant (F = 1.01, p = 0.31). 161 

 162 
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Change in muscle strength 163 

Change in KEIS from baseline to POD 7 was shown Figure 3. KEIS 164 

decreased significantly from baseline to POD 7 in both groups. The value at 165 

POD 7 in the NMES group was, however, significantly higher than that in 166 

the non-NMES group (median, 0.40 [0.33−0.45] kg/weight vs median, 0.23 167 

[0.16−0.36]; p < 0.01). Handgrip strength also reduced from baseline to POD 168 

7 in both groups (Fig. 4). The value at POD7 in the NMES group was, 169 

however, significantly higher than that in the non-NMES group (median, 170 

32.0 [24.5−35.3] kg vs median, 25.0 [16.0−30.0]; p < 0.01). 171 

 172 

DISCUSSION 173 

The present findings support our hypothesis that NMES immediately after 174 

cardiovascular surgery is effective in reducing sustained elevation of muscle 175 

protein degradation and preserving muscle strength. To the best of our 176 

knowledge, this is the first study that demonstrates the possibility of NMES 177 

to attenuate postoperative muscle protein degradation and muscle 178 

weakness in patients after cardiovascular surgery. 179 

 The value of urinary 3-MH/Cre peaked significantly earlier in the 180 
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NMES group than in the non-NMES group. Ninety percent of the whole 181 

body protein bound to 3-MH is present in actin and myosin of the skeletal 182 

muscle19. Using the ratio to urinary creatinine normalizes the data for lean 183 

body mass differences among patients. Iida et al. reported that preoperative 184 

handgrip strength, BMI, hemoglobin, CPB time, and IL-6 level 4 h after 185 

surgery are independent predictors of the amount of 3-MH/Cre after 186 

cardiovascular surgery20. In this study, these variables were not 187 

significantly different between the groups. The results in this study, 188 

therefore, suggest that NMES may attenuate the sustained elevation of 189 

muscle proteolysis after cardiovascular surgery. Our results correspond 190 

with those observed in previous studies21,22. In an early study involving 191 

intensive care unit patients21, NMES has been reported to decrease 3-MH 192 

excretion. In their study21, however, all participants underwent NMES at 193 

least 8 days after hospitalization, when the level of metabolic stress would 194 

be low. The present study demonstrated the preventive effect of NMES on 195 

the elevation of 3-MH/Cre levels within 5 days after cardiovascular surgery, 196 

suggesting that NMES can reduce muscle proteolysis even in patients in a 197 

hypercatabolic state. Another study has reported that postoperative NMES 198 
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reduced muscle protein degradation in patients immediately after 199 

abdominal surgery22. Although they showed that NMES attenuated the 200 

activity of the ubiquitin−proteasome system22 which is the main pathway of 201 

protein degradation in catabolic situations23,24, it remains unclear whether 202 

this molecular biologic alteration actually leads to measurable change in 203 

muscle strength. Our results add to the evidence that reduction in muscle 204 

proteolysis induced by NMES were accompanied by preservation of muscle 205 

strength. The mechanism of the reduction in 3-MH/Cre levels induced by 206 

NMES remains unclear. As noted above, because the ubiquitin−proteasome 207 

pathway physiologically plays an important role in protein degradation, we 208 

assume that the possible mechanisms of the reduction in 3-MH/Cre levels 209 

induced by NMES include suppression of the ubiquitin−proteasome 210 

pathway. 211 

 KEIS decreased after surgery in both groups. However, KEIS at 212 

POD 7 in the NMES group was significantly higher compared with that in 213 

the non-NMES group, whereas no difference was found in the baseline 214 

value between the groups. In the non-NMES group, comparable levels of 215 

reduction were observed in KEIS (35.1%) and handgrip strength (30.2%) on 216 
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POD 7. In contrast, the reduction in KEIS, which were the target muscles of 217 

NMES, was 5.3% in the NMES group, whereas handgrip strength decreased 218 

by 14.9%. NMES implemented for more than 4 weeks has been reported to 219 

improve quadriceps muscle strength in stable patients with chronic 220 

obstructive pulmonary disease17,25 and chronic heart failure16,26. In this 221 

study, NMES for less than 1 week (5 days) preserved quadriceps muscle 222 

strength of patients in a hypercatabolic state immediately after 223 

cardiovascular surgery. The results of this study suggest that, even in 224 

short-term, NMES intervention immediately after cardiovascular surgery 225 

might be effective in preventing postoperative muscle weakness. One 226 

explanation about the mechanism for preservation of muscle strength could 227 

be the reduction in myofibrillar degradation observed in the NMES group. 228 

Other mechanisms may include maintaining the stimulus of protein 229 

anabolism through insulin-like growth factor 1 excretion27 because the 230 

NMES used in our study induced 20% of MVC, wherein most previous 231 

NMES could not achieve. In addition, a previous study reported that the 232 

increases in muscle strength after NMES for less than 4 weeks were 233 

accounted for the neural adaptations without muscle hypertrophy in 234 
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healthy young adults28. Further studies will be needed to clarify the 235 

mechanisms for preservation of skeletal muscle strength induced by NMES 236 

under the hypercatabolic state. 237 

 Interestingly, handgrip strength was also preserved in the NMES 238 

group compared with the non-NMES group, whereas stimulation was only 239 

applied to the lower extremity muscles. NMES implemented to the 240 

unilateral leg has been reported to increase muscle strength in the 241 

contralateral, non-stimulated leg29,30. In addition, a previous study reported 242 

that NMES improved the sum score of the upper and lower extremity 243 

muscle strength in critically ill patients31. The spread effect of NMES on 244 

non-target muscles should be explored in future studies. 245 

 The present study has several limitations. The main limitation of 246 

this study was the absence of randomization. In this study, NMES 247 

intervention was split between two different hospitals. This practical choice 248 

could have led to some potential bias. Cross clamp time in the NMES group 249 

was actually shorter than that in the non-NMES group. However, patient 250 

characteristics, which have been reported as predictive factors for 251 

postoperative muscle proteolysis20, were not different between the groups. 252 
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In addition, postoperative early mobilization protocol during the study 253 

period was similar in the two hospitals (see Appendix 2). Therefore, the risk 254 

of bias in this study would be low. Another limitation was the unblinded 255 

testers of muscle forces. This might lead to measurement bias that is 256 

usually avoided by methodology. Although identical encouragement was 257 

used in the pre- and post-operative measurements, and the maximal force 258 

value was accepted from the three successive measurements performed by 259 

the patients, we assume that the results of muscle force in this study still 260 

have a possibility to overestimate the effect of NEMS. To clarify this, a 261 

blinded randomized controlled trial focused on the efficacy of NEMS on 262 

postoperative muscle degradation and force reduction will be needed. 263 

Nevertheless, the findings of this study provide fundamental data regarding 264 

the possibility of NMES to overcome postoperative skeletal muscle 265 

hypercatabolism and, in turn, muscle weakness. 266 

 267 

 268 

CONCLUSIONS 269 
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This study was the first exploratory research suggesting an anticatabolic 270 

effect of NMES in patients immediately after cardiovascular surgery. The 271 

findings of this study provide a rationale, not only for a larger blinded 272 

randomized controlled trial, but also for a study that would explore who 273 

should be prescribed with NMES for postoperative functional preservation 274 

after cardiovascular surgery. A cause−effect relationship between NMES 275 

and functional preservation would be a future challenging issue.  276 
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Tables 

Table1. Patients’ characteristics of NMES and non NMES group 

 

NMES 

n=61 

non NMES 

n=41 
p 

Age, yrs  69 (62-74) 70 (65-75) 0.77 

Female, n (%)  16 (26.2) 10 (24.4) 0.83 

BMI, kg/m2  23.3±3.5 23.4±3.5 0.90 

Preoperative hemoglobin, g/dL 12.9 (11.9-14.1) 12.4 (11.5-13.5) 0.05 

Preoperative Grip strength, kg  36 (29-41) 33 (27-41) 0.63 

Preoperative KEIS, kg/Wt  0.42 (0.35-0.48) 0.39 (0.24-0.49) 0.26 

Operative procedure  
   

 Coronary artery bypass, n (%)  25 (40.9) 19 (46.3) 

0.16 
 Valvular, n (%)  20 (32.8) 15 (36.6) 

 Thoracic aorta, n (%)  10 (16.4) 1 (2.4) 

 Combined, n (%)  6 (9.8) 6 (14.6) 

CPB time, min 169 (111-196) 178 (139-202) 0.13 

Cross clamp time, min 108 (0-138) 127 (88-153) <0.05 

log IL-6, pg/dl 2.2±0.4 2.3±0.3 0.10 

Days from surgery to initial 

mobilization, days 
3 (2-3) 2 (2-3) 0.34 

Data are expressed in mean ±SD or median (inter-quartile range).  



 

NMES: neuromuscular electrical stimulation; BMI: body mass index; KEIS: 

knee extensor isometric strength; CPB time: cardiopulmonary bypass time; 

log IL-6: logarithmic interleukin-6 



 

 

Figures 

 

Figure1. Flow diagram of study participants 
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Figure2. Time trend of urinary 3-MH/Cre from POD1 to 5 in NMES (n=61) 

and non NMES (n=41) groups.  

NMES; neuromuscular electrical stimulation; POD: postoperative day 
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Figure3. KEIS at baseline and POD7 in NMES (n=61) and non NMES (n=41) 

groups 

* Significant between-group difference (p < 0.01). 

KEIS; knee extensor isometric strength, NMES; neuromuscular electrical 

stimulation; POD: postoperative day; Wt, weight 
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Figure4. Handgrip strength at baseline and POD7 in NMES (n=61) and non 

NMES (n=41) groups 

* Significant between-group difference (p< 0.01) 

NMES: neuromuscular electrical stimulation; POD: postoperative day 
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Appendices  

Appendix1. Supplemental Video: Neuromuscular electrical stimulation 

Appendix2. Postoperative mobilization protocol form PODs 1 to 7 in each 

hospital 

 
NMES group non NMES group 

 

POD 1 

 

sitting on the edge of the bed 

 

sitting on the edge of the bed 

POD 2 standing at bedside 

walking around the bed 

standing at bedside 

walking around the bed 

POD 3 walking in the corridor 50m walking in the corridor 100m 

POD 4 walking in the corridor 100m walking 100m 

POD 5 walking 200m walking 300m 

POD 6 walking 300m walking 300m 

POD 7 aerobic exercise using cycle 

ergometer 

aerobic exercise using cycle 

ergometer 

POD: postoperative day; NMES: neuromuscular electrical stimulation 

 

 

 



 

 

Appendix3. Supplemental Figure: Measurement of muscle strength 

 

Measurement of handgrip strengthMeasurement of KEIS


